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Clostridium difficile is an emergent human pathogen and the most common cause of nosocomial diarrhea. Our recent data
strongly suggest the importance of RNA-based mechanisms for the control of gene expression in C. difficile. In an effort to un-
derstand the function of the RNA chaperone protein Hfq, we constructed and characterized an Hfq-depleted strain in C. difficile.
Hfq depletion led to a growth defect, morphological changes, an increased sensitivity to stresses, and a better ability to sporulate
and to form biofilms. The transcriptome analysis revealed pleiotropic effects of Hfq depletion on gene expression in C. difficile,
including genes encoding proteins involved in sporulation, stress response, metabolic pathways, cell wall-associated proteins,
transporters, and transcriptional regulators and genes of unknown function. Remarkably, a great number of genes of the regu-
lon dependent on sporulation-specific sigma factor, SigK, were upregulated in the Hfq-depleted strain. The altered accumulation
of several sSRNAs and interaction of Hfq with selected SRNAs suggest potential involvement of Hfq in these regulatory RNA func-
tions. Altogether, these results suggest the pleiotropic role of Hfq protein in C. difficile physiology, including processes impor-
tant for the C. difficile infection cycle, and expand our knowledge of Hfq-dependent regulation in Gram-positive bacteria.

ostridium difficile is an anaerobic spore-forming bacterium

found in soil and aquatic environments and in mammalian
intestinal tract. This bacterium became one of the key public
health problems in industrial countries, constituting a major
cause of nosocomial infections associated with antibiotic therapy.
This enteropathogen can lead to antibiotic-associated diarrhea
and pseudomembranous colitis, a potentially lethal disease. The
incidence rate and the severity of C. difficile-associated infection
have recently increased in both Europe and North America (1).
Transmission of C. difficile is mediated by contamination of the
gut by its spores. The disruption of colonic microflora by antimi-
crobial therapy precipitates colonization of the intestinal tract by
C. difficile and ultimately leads to infection (2). After spore germi-
nation, vegetative forms multiply, and major virulence factors, the
two large toxins, TcdA and TcdB, are produced, causing altera-
tions in the actin cytoskeleton of intestinal epithelial cells (3).
Many aspects of the C. difficile infection cycle, including identifi-
cation of additional virulence and colonization factors and deter-
mination of molecular mechanisms controlling their production
in response to environmental signals, still remain poorly under-
stood (4, 5).

In many pathogenic bacteria, the crucial role of regulatory
RNAs became obvious for adaptive responses and metabolic and
virulence-related processes (6—8). The most characterized small
regulatory RNAs (sRNAs) act by base pairing with their target
mRNAs, leading to modulation of mRNA translation and/or sta-
bility (9). These regulatory RNAs can be divided into cis-encoded
RNAs, which are fully complementary to their target mRNAs (10,
11), and trans-encoded RNAs, which are only partially comple-
mentary to their target mRNAs (9). We have recently performed a
genome-wide identification of regulatory RNAs by deep sequenc-
ing in C. difficile and detected more than 200 putative regulatory
RNAs including potential trans riboregulators located in inter-
genic regions (IGR), cis-antisense RNAs, and riboswitches (12).
The great number and large diversity of potential regulatory RNAs
might indicate the presence of a complex sSRNA-based regulatory
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network governing C. difficile physiology and pathogenesis. Some
of the identified trans riboregulators probably require the RNA
chaperone protein Hfq for their action in modulation of gene
expression, as demonstrated in other bacterial systems (13).

The Hfq protein has emerged as one of the major actors of RNA
metabolism and of the global posttranscriptional network in bac-
teria (14). This abundant bacterial RNA-binding protein is closely
related to the eukaryotic and archaeal families of Sm and Sm-like
proteins forming homohexameric structures (15). The Hfq pro-
tein has been initially discovered as an essential host factor for
replication of the QB8 RNA bacteriophage in Escherichia coli (16).
The importance of Hfq has been further emphasized by the iden-
tification of pleiotropic effects of hfq gene inactivation in several
bacteria, including a reduced growth rate, increased stress sensi-
tivity, cell elongation, and altered motility and biofilm formation
capacities. Generally, the absence of Hfq compromises the fitness
of the bacteria within stressful environments (14). Moreover, the
role of Hfq in environmental adaptations and the control of viru-
lence factors have been identified in major pathogenic bacteria
(17). The global role of Hfq in bacterial physiology has been fur-
ther correlated with considerable changes in gene expression and
with a great number of Hfg-associated RNAs in several bacterial
species (18-23). This protein generally increases the intracellular
half-life of sSRNAs and stabilizes the interactions between sRNAs
and their target mRNAs, leading to negative or positive modula-
tion of gene expression at the level of translation or RNA stability.
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The positive effects on translation are usually associated with sta-
bilization of target mRNA while translation repression leads to
mRNA degradation. In some cases, Hfq can also induce sRNA
cleavage and promote associated mRNA degradation (13). The
evidence for a broader function of Hfq as an independent global
regulator involved in polyadenylation-dependent mRNA decay,
Rho-dependent transcription termination, transposition, and re-
pression of translation of its own mRNA has also recently emerged
(14). Hfq is a phylogenetically widespread protein although not
ubiquitous (14). In Gram-negative bacteria, Hfq commonly helps
sRNAs in their regulatory function by facilitating the short and
imperfect base pairing interactions of trans-encoded sRNAs with
their target mRNAs. However, the role of Hfq in Gram-positive
bacteria remains less defined, and streptococcal and lactobacillal
genomes lack obvious Hfq-encoding genes (8). In Listeria mono-
cytogenes, the role of Hfq in virulence and stress response was
demonstrated, and an Hfq-dependent riboregulation involving at
least one sSRNA has been recently established (18, 24-26). In con-
trast, in Staphylococcus aureus and Bacillus subtilis, besides the
general identification of RNA-based regulatory mechanisms, the
physiological role of Hfq remains unclear (19, 27).

To gain insight into the function of Hfq in C. difficile, we con-
structed and characterized an Hfq-depleted strain in this bacte-
rium by combining phenotypic and transcriptome analysis. We
showed that Hfq could be necessary for normal cell growth and for
the establishment of bacillary form. Moreover, our results suggest
that Hfq might be involved in several important pathways during
the C. difficile infection cycle, including metabolic adaptations,
biofilm formation, stress response, and sporulation. In accor-
dance with phenotypic changes, our transcriptome analysis re-
vealed pleiotropic effects of Hfq depletion on gene expression in
C. difficile. In addition, accumulation of several previously identi-
fied SRNAs was altered under the conditions of Hfq depletion, and
the C. difficile Hfq protein bound selected sRNAs, suggesting a
potential involvement of Hfq in these regulatory RNA functions.
The crucial role of Hfq in C. difficile physiology suggested in the
present study is a unique feature in Gram-positive bacteria and
further confirms the major use of RNA-based mechanisms for
gene expression control by this enteropathogen.

MATERIALS AND METHODS

Plasmid and bacterial strain construction and growth conditions. C.
difficile strains and plasmids used in this study are presented in Table S1 in
the supplemental material. C. difficile strains were grown anaerobically
(5% H,, 5% CO,, and 90% N,) in TY (tryptone, yeast extract) medium
(28) or brain heart infusion (BHI; Difco) medium in an anaerobic cham-
ber (Jacomex). BHI medium supplemented with yeast extract (5 mg -
ml ') and L-cysteine (0.1%) (BHIS medium) was used for sporulation
assays. When necessary, cefoxitin (Cfx; 25 wg - ml~') and thiamphenicol
(Tm; 15 pg - ml ') were added to C. difficile cultures. E. coli strains were
grown in LB broth (29), and when suitable, ampicillin (100 pg- ml™ ") or
chloramphenicol (15 pg - ml™") was added to the culture medium. The
nonantibiotic analogue anhydrotetracycline (ATc¢; 100, 250, or 500 ng -
ml ') was used for induction of the P,,, promoter of pRPF185 vector
derivatives in C. difficile (30). Strains carrying pRPF185 derivatives were
generally grown in TY medium in the presence of 250 ng- ml~' ATc and
7.5 pg - ml~ ' Tm for 7.5 h. Biofilm formation was assayed in BHIS me-
dium supplemented with 0.1 M glucose and 7.5 g - ml™" of Tm as pre-
viously described (31). A total of 250 ng - ml ™~ of ATc was added every 24
h to maintain the antisense RNA induction.

All routine plasmid constructions were carried out using standard
procedures (32). All primers used in this study are listed in Table S2 in the
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supplemental material. The knockdown antisense system on pRPF185
vector (30) was used to deplete the C. difficile 630 Aerm strain (33, 103) for
the Hfq protein. The hfq gene fragment comprising the 5" untranslated
region (UTR) and the beginning of the hfg coding part (=3 to +173
relative to the transcription start site [TSS] identified by deep sequencing
[12]) (indicated in Fig. S1 in the supplemental material) was amplified by
PCR on strain C. difficile 630 Aerm genomic DNA and cloned into Sacl
and BamHI sites of pRPF185 vector in antisense orientation under the
control of the ATc-inducible P,,, promoter, giving pDIA5973. To con-
struct a strain expressing the hfg gene for competition experiments, the
coding region of the hfgq gene was amplified by PCR with PB115 and
PB116 primers introducing the P,,, promoter and a ribosome binding site
(RBS) just upstream of the ATG initiation codon and cloned into BstXI
and Drall sites of plasmid pDIA5973, giving pDIA6327. The resulting
derivative pRPF185 plasmids were transformed into the E. coli HB101
(RP4) and subsequently mated with C. difficile 630 Aerm (see Table SI in
the supplemental material). C. difficile transconjugants were selected by
subculturing on BHI agar containing Tm (15 pg - ml™') and Cfx (25 pg -
ml™") to obtain strains CDIP51, CDIP53, and CDIP361 carrying
pRPF185 vector, plasmid pDIA5973, and plasmid pDIA6327, respec-
tively.

To purify Hfq, an Hfq-His,-expressing plasmid was constructed. The
C. difficile hfq gene (nucleotides [nt] —1 to +418 relative to the transla-
tional start site) was amplified by PCR and cloned into Ndel and Xhol
sites of the pET22b+ vector (Novagen), creating a fusion with six C-ter-
minal histidine residues. The resulting pDIA6130 plasmid was trans-
formed into the E. coli BL21(DE3) Ahfg strain (34).

For coimmunoprecipitation assays an Hfq-FLAG-expressing plasmid
was constructed. The coding region and the 5" UTR of hfg gene were
amplified by PCR with PB9 and PB10 primers. PB10 was designed with
three copies of FLAG tag sequence (3 XFLAG) in translational fusion with
CD1974 sequence. This DNA fragment was cloned into the Stul and
BamHI sites of the pRPF185 vector under the control of the ATc-induc-
ible P,,, promoter. The resulting pDIA6151 plasmid was transferred to the
C. difficile 630 Aerm strain by conjugation to obtain strain CDIP303 (see
Table S1 in the supplemental material).

In silico analysis of antisense RNA specificity. Antisense RNAs,
which efficiently silence expression of specific genes in Gram-negative and
Gram-positive bacteria and bacteriophages, usually target the 5" UTR,
including the Shine-Dalgarno sequence of the gene to be downregulated
(35-37). Thus, to analyze the specificity of the hfq antisense RNA, we
extracted the sequences of these 5' UTRs generally targeted by using an
antisense-based knockdown approach for each coding sequence (CDS) of
C. difficile. This included a 15-base region upstream of the translation
initiation codon of the total number of 3,897 CDSs of C. difficile with
associated RBSs (38). The alignment with /ifq antisense RNA sequence was
then performed using Bowtie2 with its maximum sensitive value param-
eter (option, —N 1; 1 mismatch allowed within a 15-base region).

Stress tolerance assays. Disk diffusion assays were performed as fol-
lows: 13 ml of TY medium containing 7.5 ug - ml~' of Tm and 250 ng -
ml ™! of ATc was inoculated at an optical density at 600 nm (ODy,) of 0.1
with an overnight culture. After 4 h or 10 h of growth, the cultures were
diluted to adjust the ODg, to 0.3. Diluted culture (3 ml) was plated on
BHI agar containing 15 pg - ml~" of Tm and 500 ng - ml~' of ATc. After
absorption for 1 h at room temperature, the excess of culture was re-
moved, and a sterile 6-mm paper disk was placed on the agar surface. Ten
microliters of tested compounds including 1 M diamide or 0.3 M dipyri-
dyl (2,2'-bipyridine) was added to the disk. The diameter of the growth
inhibition zone was measured after 36 h of incubation at 37°C to allow
sufficient growth of the CDIP53 strain. An oxygen tolerance assay was
performed in soft agar tubes as previously described (39).

Sporulation assay. Overnight cultures grown at 37°C in TY medium
were used to inoculate 20 ml of BHIS medium containing 7.5 wg - ml ™' of
Tm. A total of 250 ng - ml~! of ATc was added every 24 h to maintain the
antisense RNA induction. The efficient Hfq depletion was confirmed un-
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der these conditions by Western blotting (data not shown). After 48 h, 72
h, or 96 h of growth, 1 ml of culture was divided into two samples. To
determine the total number of CFU, the first sample was serially diluted
and plated on BHI medium with 0.1% taurocholate (Sigma-Aldrich).
Taurocholate is required for the germination of C. difficile spores (40). To
determine the number of spores, the vegetative cells of the second sample
were heat killed by incubation for 20 min at 65°C prior to plating on BHI
medium with 0.1% taurocholate. The sporulation rate was determined as
the ratio of the number of spores/ml and the total number of bacteria/ml.

Microscopy. For light microscopy, we performed classical Gram
staining of overnight-grown cells with crystal violet staining, potassium
iodide treatment, ethanol discoloration, and safranin staining. Bacterial
cells were observed at a magnification of X 100 on an Axioskop Zeiss light
microscope. Cell length was estimated for more than 100 cells for each
strain using Image] software (41). For transmission electron microscopy,
the cells were collected after 16 h of culture by centrifugation for 2 min and
resuspended in 1 ml of fixative agent (2.5% glutaraldehyde in 0.1 M ca-
codylate buffer, pH 7). Samples were then processed as previously de-
scribed (42). The electron microscopy observations were performed at the
Platform of Ultrastructural Microscopy (PFMU), Imagopole, of the Pas-
teur Institute.

RNA extraction, qRT-PCR analysis, and Northern blotting. Total
RNA was isolated from CDIP51, CDIP53, and CDIP361 strains grown for
7.5hin TY medium containing 7.5 p.g - ml~' of Tm and 250 ng - ml~" of
ATc as previously described (43). The cDNA synthesis and real-time
quantitative reverse transcription-PCR (qRT-PCR) analysis were per-
formed as previously described (44). In each sample, the expression level
of a gene was calculated relative to that of the 16S rRNA gene (45) or of the
dnaF gene (CD1305) encoding DNA polymerase III. The relative change
in gene expression was recorded as the ratio of normalized target concen-
trations (AAC,, where C.is threshold cycle) (46). Northern blot analysis
was performed as previously described (12).

Transcriptome analysis using DNA microarrays. The microarray of
C. difficile 630 Aerm genome was designed as previously described (44).
Transcriptome analysis was performed using four independent RNA
preparations for each CDIP51 and CDIP53 strain. Labeled cDNA hybrid-
ization to microarrays and array scanning were done as previously de-
scribed (44). The data were analyzed using R and limma software (Linear
Model for Microarray Data) from the Bioconductor project (www
.bioconductor.org). For each slide, we corrected background with the
normexp method, resulting in strictly positive values and reducing vari-
ability in the log ratios for genes with low levels of hybridization signal.
Then, we normalized each slide with the loess method (47). To identify
differentially expressed genes, we used the Bayesian adjusted ¢ statistics
and performed a Benjamini-Hochberg multiple testing correction based
on the false discovery rate (48). A gene was considered differentially ex-
pressed when the P value was <0.05.

The second microarray of the C. difficile 630 Aerm genome was de-
signed to include the regulatory RNAs that we have previously identified
by a deep-sequencing approach (12).

Hfq-His, protein purification. His-tagged Hfq protein was purified
on a Ni-nitrilotriacetic acid agarose (Ni-NTA) column (Qiagen) as pre-
viously described with some modifications (49). Briefly, Hfg-overproduc-
ing E. coli strain BL21(DE3) Ahfq/pDIA6130 (Ec0166) was grown in 2X
YT medium to an ODy, of 1.7. To induce the expression of hfg, isopro-
pyl-B-p-thiogalactopyranoside (IPTG) (1 mM) was added, followed by
incubation at 37°C for 4 h. Triton X-100 at 1% and 10% glycerol were
added to the buffers throughout the purification procedure. This His-
tagged Hfq protein preparation was used for production of polyclonal
antiserum in rabbit (Agro-Bio).

A His-tagged Hfq protein used for in vitro RNA-binding experiments
was prepared as follows. Cells from induced cultures were resuspended at
4°C in 10 ml of buffer containing 20 mM Tris-HCI (pH 7.8), 500 mM
NaCl, 10% glycerol (vol/vol), 0.1% Triton X-100 (vol/vol), 10 g of
DNase I, and protease inhibitors (EDTA-free Complete Mini; Roche Di-
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agnostic). The suspension was passed through a French press (1.2 X 10°
kPa, 20,000 1b/in?) and submitted to centrifugation (20 min at 15,000 X
g). The resultant suspension was heated at 80°C for 15 min to eliminate
contaminant proteins. Insoluble material was removed by centrifugation,
and the supernatant was adjusted to 1 mM imidazole, pH 8.0, and applied
on a Ni-NTA column and then on a poly(A)-Sepharose column (Phar-
macia), essentially as previously described (34) with a dialysis against 50
mM ethanolamine-HCI, pH 9, 50 mM NaCl, 1 mM EDTA, 5% glycerol,
and 0.1% Triton X-100 as a final step. Hfq concentration was expressed on
the basis of the monomer form, taking into account that this form is
predominant when analyzed on SDS-PAGE gel.

RNA band shift assay. Templates for the synthesis of RNA probes
were obtained by PCR amplification using the Term and T7 oligonucleo-
tides described in Table S2 in the supplemental material. RNAs were syn-
thesized by T7 RNA polymerase with [a->*P]UTP as a tracer and were
then gel purified. RNA concentrations were monitored by counting out
the radioactivity, and the RNA samples were stored until use (50). Just
before use, RNAs were 5’ radiolabeled and incubated with increasing
concentrations of Hfq. Band-shift assays were performed as previously
described (51). The radioactivity level corresponding to the bound frac-
tion of RNA was plotted versus Hfq concentrations. The data were fitted
to the Hill equation, and half-saturation values (K;,,) were estimated
using Kaleidagraph. For competition experiments, unlabeled poly(A) or
poly(C) was used as previously described (51).

Protein extract preparation and Western blotting. After 7.5 h of
growth in TY medium in the presence of 250 ng - ml~ ' of ATc, cultures of
strains CDIP51 and CDIP53 were centrifuged at 1,600 X g for 2 min. Cells
were resuspended in 300 pl of 20 mM Tris HCI, pH 7.8, 0.5 M NaCl, 10%
glycerol, and 0.1% Triton X-100 and were lysed with FastPrep (two times
for 30 sataspeed of 6.5m s '). The preparations were centrifuged for 10
min to eliminate cell debris. Protein concentration was determined by the
Bradford method (52).

For each sample, 29 pg of protein extract was loaded on a 12% poly-
acrylamide gel containing 0.2% of SDS. After electrophoresis, proteins
were transferred to a polyvinylidene fluoride membrane. Following a
prehydridization step with phosphate-buffered saline (PBS) buffer con-
taining 0.3% Tween 20 and 5% skim milk at room temperature, the mem-
brane was probed with the primary polyclonal anti-Hfq antibody (Agro-
Bio) at a 1/1,000 dilution. For a loading control we used the primary
polyclonal anti-SigA antibodies provided by M. Fujita (53) at a 1/5,000
dilution. A rabbit secondary antibody conjugated to horseradish peroxi-
dase (Dako) was then used at a 1/25,000 dilution. The bioluminescent
signal was detected with the SuperSignal West Femto Chemiluminescent
Substrate kit (Pierce) using a digital camera (Fujifilm LAS-3000 Imager).
Western blot quantification was performed with Image Gauge software
(Fuji Film).

Coimmunoprecipitation experiment. Coimmunoprecipitation for
detection of Hfq-RNA interactions was performed with strains CDIP51
and CDIP303 grown for 8.5 h in TY medium in the presence of 250 ng -
ml™" of ATc as previously described (54), with some modifications.
Briefly, after centrifugation, cells were resuspended in lysis buffer (50 mM
HEPES-KOH, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% Na-
deoxycholate, 0.1% SDS, 10% glycerol) and sonicated. Total extract was
adjusted to 1 mg - ml~" of protein concentration before being added to
anti-FLAG M2 magnetic beads (Sigma). Magnetic beads were washed,
and elution was performed with buffer containing 50 mM Tris-HClI, 10
mM EDTA, 1% SDS, and 10% glycerol. RNA was isolated and reverse
transcribed as described above. The enrichment with specific RNA was
monitored by qRT-PCR as previously described (44).

Microarray data accession numbers. The complete experimental
data set was deposited in the Gene Expression Omnibus (GEO) database
under accession number GSE49168. For the second microarray, descrip-
tion of the microarray design and the complete experimental data set were
submitted to the GEO database under accession numbers GPL18319 and
GSE55273, respectively.
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RESULTS

Construction of a strain depleted for Hfq and analysis of its
growth phenotype. (i) Strain construction using a knockdown
system. We identified the CD1974 gene as encoding a C. difficile
orthologue of the Hfq protein (30% amino acid sequence identity
with the E. coli Hfq protein). The CD1974 protein has an unusual
C-terminal region. In E. coli, the full-length CD1974 protein is
functional in sSRNA-mediated regulation (55, 104) and substitutes
for most, but not all, of the traits of E. coli Hfq in phenotypic assays
while the C-terminal domain contributes to RNA-binding effi-
ciency of this RNA chaperone (104). The C. difficile hfq gene is
flanked by the miaA gene (CD1975) encoding a tRNA A*-isopen-
tenylpyrophosphate transferase and CD1973 encoding a putative
pyridoxal phosphate-dependent transferase. This location partly
corresponds to the gene organization between the miaA and hflX
genes conserved in many bacterial species. The analysis of our
recent data from high-throughput sequencing of RNA transcripts
(RNA-Seq) (12) demonstrated the high-level expression of the hfgq
gene in the C. difficile 630 Aerm strain at the late exponential
growth phase compared to adjacent genes (see Fig. S1 in the
supplemental material) (56). The analysis of our global tran-
scriptional start site (TSS) mapping data (12) identified a TSS
47 nt upstream of translational initiation start codon of the hfg
gene. Consensus promoter elements recognized by the RNA
polymerase sigma A holoenzyme (—35[TTGAAA] and —10
[TAGAAT] separated by a 17-bp spacer) are found upstream of
this TSS (see Fig. S1).

To analyze the role of Hfq in C. difficile, we first tried to inac-
tivate the hfg gene using one of the few available genetic tools for
Clostridia, the ClosTron gene knockout system (57). Unfortu-
nately, after several attempts, we were unable to obtain an intron
insertion targeting this gene in C. difficile, probably due to the
difficulties associated with ClosTron targeting constraints. There-
fore, we decided to try an alternative knockdown strategy by using
inducible antisense RNA expression targeting the 5" end region of
the mRNA containing the RBS (30). The sequestration of the RBS
within an RNA duplex has been successfully used for the depletion
of Sec secretion system determinants in C. difficile (30). To do so,
the 176-nt antisense fragment covering the 5’ part of the hfg
mRNA (position —3 to +173 from the TSS) was cloned under the
control of inducible P,,, promoter into the pRPF185 plasmid. For
competition experiments, we constructed the pDIA6327 plasmid
by introducing the entire hfg gene under the control of the induc-
ible P,,, promoter. The pRPF185 plasmid and its derivatives pro-
ducing either the antisense RNA targeting hfg (pDIA5973) or both
the hfg mRNA and the antisense RNA targeting hfq (pDIA6327)
were then transferred by conjugation to the 630 Aerm strain, giv-
ing CDIP51, CDIP53, and CDIP361 strains, respectively (see Ta-
ble S1 in the supplemental material). CDIP51 serves as a control in
all further comparative analyses, and the CDIP361 strain was used
in competition experiments.

To analyze the specificity of the designed antisense RNA tar-
geting the hfq gene, we have evaluated by in silico analysis as de-
scribed in Materials and Methods the possibility of false silencing
of other C. difficile genes. This genome-wide bioinformatics
search revealed one unique CDS match among RBS-containing
regions of all annotated C. difficile genes, suggesting the specificity
of our antisense knockdown approach with an extremely low
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FIG 1 Confirmation of Hfq depletion in strain CDIP53. (A) Expression of
hfg-targeting antisense RNA in control strain CDIP51 (black) and Hfq-de-
pleted strain CDIP53 (gray) after 7.5 h of growth in TY medium in the presence
of 250 ng - ml™" of ATc. After reverse transcription, specific cDNAs were
quantified by qRT-PCR, using the 16S rRNA gene for normalization and stan-
dard curve. Relative RNA quantity is indicated in fold change between the two
strains. Error bars correspond to standard deviations from three biological
replicates. (B) Western blot analysis performed on protein extracts from con-
trol strain CDIP51 and Hfq-depleted strain CDIP53. Protein extracts were
prepared from cultures at exponential growth phase. Anti-Hfq primary anti-
bodies come from rabbit immunization with C. difficile Hfq-His, protein. The
anti-SigA immunoblot serves as a loading control for quantification (bottom
panel). The results shown are representative of three independent experi-
ments.

probability of antisense RNA mispairing, which cannot be ex-
cluded.

(ii) Antisense RNA induction and validation of Hfq protein
depletion. In the presence of the anhydrotetracycline (ATc) in-
ducer, expression of antisense RNA was confirmed by quantitative
reverse transcription-PCR (qRT-PCR). When we used 250 ng -
ml~! of ATc, we observed a 127-fold increase of antisense RNA
level in CDIP53 compared to the CDIP51 control strain (Fig. 1A),
confirming the antisense RNA induction.

To test the effect of this antisense RNA expression on the level
of Hfq synthesis, total protein extracts of CDIP51 and CDIP53
strains after 7.5 h of growth in the presence of 250 ng - ml~' ATc
were prepared and examined by Western blotting with a poly-
clonal anti-Hfq antibody produced with a recombinant Hfq pro-
tein (see Materials and Methods). As shown in Fig. 1B, the induc-
tion of the antisense RNA in strain CDIP53 decreased the amount
of Hfq protein at least 5-fold compared to that observed for the
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FIG 2 Growth and morphology of strains CDIP51 and CDIP53. (A) Growth curves of strains CDIP51, CDIP53, and CDIP361 grown in TY medium in the
absence (black) or presence (gray) of 100 ng - ml~ ' of ATc. These results are representative of at least three independent experiments. (B) Growth phenotype of
strains CDIP51, CDIP53, and CDIP361 on BHI agar plates supplemented with Tm alone or with the addition of 500 ng - ml~" of ATc. (C) Selected images from
light microscopy (frames a and d), electron microscopy with negative staining (frames b and e), and electron microscopy with inclusion in resin (frames c and
f) for strains CDIP51 (frames a, b, and c¢) and CDIP53 (frames d, e, and f). Arrows indicate specific morphological changes in cell length and cell shape.

control strain. Thus, the expression of the antisense RNA targeting
the 5’ part of the ifg mRNA including the RBS leads to Hfq de-
pletion in strain CDIP53, which we further used as an hfq knock-
down strain. The same conditions of the Hfq depletion were used
in the rest of this work.

(iii) Growth effect of Hfq depletion. To examine the role of
Hfqin C. difficile, we first compared the growth of strains CDIP51
and CDIP53 in rich medium in the presence of different concen-
trations of ATc. While both the CDIP51 and CDIP53 strains grew
similarly in TY medium in the absence of ATc inducer, the growth
of strain CDIP53 was strongly impaired in the presence of ATc
(Fig. 2A). In the presence of 100 ng - ml~" AT, the doubling time
of the CDIP53 strain increased by 2-fold (Fig. 2A; see also Table S3
in the supplemental material). Higher levels of ATc inducer (250
or 500 ng - ml™") corresponding to severe Hfq depletion condi-
tions led to a more drastic growth defect (data not shown). These
growth defects were abolished when the hfq gene was introduced
into the plasmid expressing the hfq antisense fragment (Fig. 2A;
see also Table S3). This reversion of the growth defect was ob-
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served both on plates and in liquid cultures in the presence of ATc
inducer (Fig. 2A and B). Reduced growth has been generally ob-
served for hfg mutants in numerous Gram-negative bacteria (14).
However, this is, to our knowledge, the first observation of a dras-
tic growth defect induced by Hfq depletion in Gram-positive bac-
teria, suggesting a crucial role of this RNA chaperone protein in C.
difficile.

Comparative transcriptome analysis of a strain depleted of
Hfq and a control strain. To better understand the role of Hfq in
C. difficile physiology at the molecular level and to identify genes
regulated by Hfq, we compared gene expression profiles of the
Hfq-depleted CDIP53 strain and the control CDIP51 strain grown
in TY medium for 7.5 h in the presence of 250 ng - ml~' ATc to
ensure the Hfq depletion. A total of 224 genes were differentially
expressed with a =2-fold change in transcriptional levels (see Ta-
ble S4 in the supplemental material). Among these genes, 112 were
upregulated, and 112 were downregulated in the Hfg-depleted
strain compared to the control strain CDIP51. We observed that
Hfq depletion affects the expression of numerous genes involved
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in various functions, including cell wall biosynthesis, membrane
transport, metabolic and regulatory processes, stress response,
and sporulation. About 34 genes encoding proteins of unknown
function were also differentially expressed between the CDIP53
strain and the control strain CDIP51: 21 genes were upregulated,
and 13 were downregulated in the CDIP53 strain. To confirm the
transcriptome data, we selected 25 genes from different functional
groups for QRT-PCR analysis. The qRT-PCR results shown in Ta-
ble S4 in the supplemental material confirm the microarray data
with a high correlation coefficient (R* = 0.9) (see also Fig. S2).
When we introduced the hfq gene into the antisense RNA-express-
ing plasmid, we restored the expression of selected genes to the
level observed in strain CDIP51 (data not shown).

(i) Involvement of Hfq in the control of sporulation. The
most pronounced effects of Hfq depletion were observed for the
expression of 22 genes known to be involved in the sporulation
process. The majority of them (20 genes) were induced in strain
CDIP53 while only two genes, including spoVG (CD3516), a gene
transcribed by SigH (44), were downregulated in the CDIP53
strain (Table 1). Remarkably, 14 out of the 20 sporulation genes
upregulated in the strain depleted of Hfq are targets of the mother
cell-specific sigma factor, SigK (58, 59). Conversely, the expres-
sion of 68% of genes belonging to the SigK regulon (39 of 57
genes) increased in CDIP53 compared to CDIP51 (58, 59). In
addition to sporulation genes, this includes still-uncharacterized
genes encoding membrane transporters or proteins involved in
cell wall metabolism and a number of genes of unknown function
(see Table S4 in the supplemental material). Interestingly, the
highest level of induction was observed for members of the SigK
regulon encoding proteins of unknown function, such as
CD1063.2, CD1063.3, and CD1581, a potential colonization fac-
tor whose expression is highly induced in vivo (58—60). Finally, the
expression of the sigK (CDI1230) gene itself was induced 4- and
20-fold under conditions of Hfq depletion in transcriptome and
qRT-PCR experiments, respectively. SigK might constitute one of
the central targets for the Hfq-dependent control of sporulation.
Remarkably, Hfq depletion also affected the expression of spolIID
(CD0126) encoding the mother cell regulator located at a higher
level in the sporulation regulatory cascade controlling sigK tran-
scription. These data strongly suggest the possible involvement of
Hfq in the control of the C. difficile sporulation process, probably
in concert with uncharacterized regulatory RNA(s).

(ii) Changes in the expression of genes involved in cell wall
metabolism, stress response, and metabolic processes in an
Hfq-depleted strain. Previous studies showed the involvement of
cell surface-associated proteins in C. difficile colonization (4, 61).
Twenty-one genes encoding membrane or cell wall-associated
proteins and enzymes involved in cell wall metabolism were
differentially expressed in the Hfq-depleted strain; among
them 4 were downregulated, and 17 were upregulated (Table 2
see also Table S4). This included several genes probably in-
volved in peptidoglycan synthesis (glmM [CD0119]) and turn-
over (CD1898 and CD2402) and genes encoding cell surface
proteins (cwpV [CDO0514], cwp28 [CD1987], cwp24 [CD2193],
and cwpl19 [CD2767]).

During host infection, C. difficile is exposed to several stresses
and responds to stress stimuli by inducing different mechanisms
of defense (62). Among stress-related genes, we observed about
2-fold upregulation of genes encoding heat shock proteins, in-
cluding groEL (CD0194) and grpE (CD2462) that are induced by
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TABLE 1 Genes involved in sporulation that are differentially expressed
in the Hfq-depleted CDIP53 strain compared to strain CDIP51

CDIP53/CDIP51

Locus” Gene” Gene product” expression ratio

CDo0126 spollID  Stage III sporulation protein D~ 4.97

CD0332*  bclAl Putative exosporium 4.31
glycoprotein

CDO551*  sleC Spore cortex-lytic enzyme 2.99
pre/pro-form

CD0596* Conserved hypothetical 5.9
protein

CD0597*  cotF Spore coat protein 2.96

CD0598*  cotCB Spore coat protein CotCB 2.85
manganese catalase

CD1067*  cdeC Exosporium cysteine-rich 13.75
protein

CDi1214 spo0A Stage 0 sporulation protein A 0.4

CD1230 RNA polymerase sigma K 4.12
factor SigK

CD1433*  cotE Spore coat protein CotE 7.66
peroxiredoxin/chitinase

CD1613*  cotA Spore outer coat layer protein 7.39
CotA

CD2399* Conserved hypothetical 7.46
protein

CD2400*  cot/B2 Spore coat peptide assembly 9.17
protein CotJB2

CD2401*  cotD Spore coat protein CotD 13.6
manganese catalase

CD2688 sspA Small, acid-soluble spore 36.89
protein alpha

CD2967*  spoVFB  Dipicolinate synthase subunit 2.67
B

CD3230*  bclA2 Putative exosporium 2.28
glycoprotein

CD3249 sspA Small, acid-soluble spore 30.11
protein alpha

CD3349*  bclA3 Exosporium glycoprotein 5.79
BclA3

CD3516 spoVG Regulator required for spore 0.23
cortex synthesis

CD3567 sipL SpolVA-interacting protein, 2.05
coat localization

CD3678 oxaAl Sporulation membrane 2.23

protein SpolIIJ

“ Genes marked with an asterisk are members of the * regulon (59).
b Gene names and functions correspond to those indicated in the MaGe database
Clostridioscope (http://www.genoscope.cns.fr/agc/microscope/ClostridioScope).

clinically relevant heat stress and acid pH conditions in C. difficile
(63, 64) and by metabolic stresses in Clostridium acetobutylicum
(65). Moreover, the expression of several genes that might be in-
volved in the oxygen tolerance response and cell redox balance
was altered in the CDIP53 strain compared to the CDIP51 strain.
This includes genes encoding a putative ferredoxin (CD3605.1), a
ferredoxin/flavodoxin oxidoreductase (CD0115-CD0118), and a
thioredoxin reductase (trxB3 [CD2356]). The expression of sev-
eral genes induced after oxygen exposure (63) was also affected by
Hfq depletion, including genes encoding putative membrane pro-
teins and transporters (CD1590, CD3073, and CD2365), the path-
way of conversion of acetyl-coenzyme A (CoA) to butyryl-CoA
(CD1054-CD1059), a ferritin (ftnA [CD2195]), and an flavin
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TABLE 2 Genes encoding membrane or cell wall proteins differentially
expressed in the Hfq-depleted CDIP53 strain compared to strain
CDIP51

CDIP53/CDIP51
Locus” Gene’  Gene product” expression ratio
CD0119* glmM  Phosphoglucosamine mutase 2.07
CD0156 Putative membrane protein 2.54
CD0314 Putative membrane protein 2.11
CD0315 Conserved hypothetical 2.75
protein
CD0514* cwpV  Cell surface protein 2.86
CD1590 Putative membrane protein 2.18
CD1654 Putative lipoate-protein ligase 2.09
CD1898* Putative phage-related cell wall ~ 2.63
hydrolase (endolysin)
CD1987 cwp28  Putative cell wall-binding 2.14
protein
CD2144* Putative membrane protein 3.37
CD2184* Putative N-acetylmuramoyl-L-  3.81
alanine amidase
CD2193 cwp24  Putative cell wall-binding 2.11
protein
CD2239 Putative Na+/solute 2.59
symporter, SSS family
CD2346* Putative membrane protein 2.76
CD2376 Putative membrane protein 0.5
CD2402 Putative cell wall hydrolase 2.89
phosphatase-associated
protein
CD2767 cwpl9  Putative cell surface protein 2.05
CD2852 ditB D-alanyl transferase DItB, 0.47
MBOAT family
CD3073 Putative membrane protein 0.08
CD3228 Putative membrane protein 0.41
CD3551 Putative membrane protein 2.03

@ Genes marked with an asterisk are members of the * regulon (59).
Y Gene names and functions correspond to those indicated in the MaGe database
Clostridioscope (http://www.genoscope.cns.fr/agc/microscope/ClostridioScope).

mononucleotide (FMN)-binding protein (CD1459) (see Table S4
in the supplemental material).

Genes participating in various metabolic processes showed dif-
ferential expression in the Hfg-depleted strain (see Table S4).
Among the strongest effects, the expression of several genes en-
coding a phosphoenolpyruvate-dependent phosphotransferase
system (PTS) was modified up to 9-fold under Hfq depletion con-
ditions. Genes encoding two glucose (CD2666, CD2667, CD3027,
and CD3030), one mannose (CD3013-CD3015), and one beta-
glucoside-specific (CD3137) transporter were downregulated in
the Hfq-depleted strain while genes encoding a fructose PTS
(CD2269) were upregulated. The principal source of energy in C.
difficile comes from carbohydrate and amino acid degradation
through fermentation (66, 67). Proline, glycine, and leucine are
the most efficient acceptors in coupled fermentation of amino
acids through Stickland reactions (68). The pathways allowing the
synthesis of butyryl-CoA from pyruvate (CD2682 and CD1054-
CD1059) or succinate (CD2338) were less expressed in strain
CDIP53 than in strain CDIP51. The expression of the IdhA gene
(CD0394), the hadA operon (CD0395-CD0398), required for leu-
cine reduction, and grdC (CD2349) involved in glycine reduction
decreased in strain CDIP53, while the expression of prdF
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(CD3237) and prdB (CD3241), required for proline reduction,
increased in this strain.

(iii) Changes in regulatory and signal transduction gene ex-
pression induced by Hfq depletion. In addition to transcriptional
factors associated to sporulation control, we observed a differen-
tial expression of nine genes encoding regulators or proteins in-
volved in signal transduction in the strain depleted for Hfq com-
pared to the control strain. Among them, six genes were
upregulated, and three genes were downregulated. We noted that
the expression of the sinR (CD2214) gene encoding a potential
orthologue of the master biofilm regulator in B. subtilis (69) together
with the adjacent CD2215 gene encoding a transcriptional regula-
tor with low similarity with CD2214 was about 4-fold induced in
the CDIP53 strain. In addition, some genes encoding cyclic-di-
GMP (c-di-GMP) messenger turnover enzymes (CD2887 and
CD1616) (70) were differentially expressed under the conditions
of Hfq depletion. These results suggest the existence of possible
links between Hfq and other regulatory pathways.

Taken together, the transcriptome data demonstrate global
changes in gene expression induced by Hfq depletion, implying a
pleiotropic effect of Hfq protein on C. difficile physiology, as ob-
served in other bacteria (14). We further decided to analyze the
impact of Hfq depletion on several phenotypes in C. difficile.

Phenotypic assays. (i) Morphological changes induced by
Hfq depletion. In several bacteria, hfq inactivation leads to an
increased cell size (14). We therefore checked whether Hfq deple-
tion had an impact on cell morphology in C. difficile. Light mi-
croscopy revealed some striking morphological differences be-
tween strains CDIP51 and CDIP53 (Fig. 2C, frames aand d). After
Gram staining, we observed an increase in cell length for about
30% of the bacteria in a CDIP53 culture. The average value of cell
length with standard deviations was about 5.0 + 1.6 wm for
CDIP51 strain and 8.0 + 4.6 pm for the CDIP53 strain. Moreover,
we detected some heterogeneity in Gram staining within the cells
of the CDIP53 strain (Fig. 2C, frame d). This would suggest either
an impaired peptidoglycan synthesis or other local chemical mod-
ifications in the cell wall composition. The transmission electron
microscopy assay by negative staining also showed bacilli with
variable lengths in the CDIP53 strain compared to strain CDIP51
(Fig. 2C, frames b and e). This assay also revealed an alteration of
bacillary form for CDIP53 cells, with twist points along the cells
causing deformation of the bacterial shape (Fig. 2C, frame e).
However, data obtained by resin inclusion electron microscopy
did not reveal any defect in the peptidoglycan ultrastructure (Fig.
2C, frames c and f). These morphological changes may reflect the
pleiotropic effect of the Hfq depletion on the expression of genes
involved in cell wall metabolism, as observed in comparative tran-
scriptome analysis (Table 2).

(ii) Increased sporulation rate and biofilm formation upon
Hfq depletion. One of the striking effects of Hfq depletion re-
vealed by our transcriptome analysis is the possible control of the
sporulation process by Hfq. To confirm this involvement, we
compared the sporulation rates in strains CDIP51 and CDIP53.
After 72 h and 96 h of culture in BHIS medium, the number of
spores per ml was significantly higher for the Hfq-depleted strain
than for the control strain (Table 3). These changes could be re-
versed by the introduction of a plasmid carrying the hfg gene (Ta-
ble 3). Strain CDIP361 had an even lower number of spores per ml
than the CDIP51 control, probably due to Hfq overexpression, as
observed by Western blotting experiments (data not shown). Spo-
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TABLE 3 Sporulation rates for strains CDIP51, CDIP53, and CDIP361

Mean value for the strain (* SD)¢

Culture

period (h) Unit CDIP51 CDIP53 CDIP361

72 CFU/ml (X107) 1.10 (+£0.18) 0.70 (+0.35) 0.51 (*+0.16)
Spores/ml (X10%)* 1.45 (+0.17) 19.90 (*£7.53) 0.02 (=0.02)

96 CFU/ml (X107) 0.36 (+£0.09) 1.38 (+0.28) 0.33 (*+0.18)

Spores/ml (X10*)” 2.00 (£1.60) 48.0 (32.50) 0.09 (*+0.09)

“ Statistical significance for spore formation differences between strains CDIP51 and
CDIP53 was evaluated by a Wilcoxon test (P = 0.028).

b Statistical significance for spore formation differences between strains CDIP51 and
CDIP53 was evaluated by a Wilcoxon test (P = 0.1).

¢ Values are means of results from three independent experiments.

rulation rates were increased about 20-fold when Hfq was de-
pleted in accordance with a number of sporulation-associated
genes induced in our transcriptome analysis (Table 1; see also
Table S4 in the supplemental material). This increased sporula-
tion efficiency suggests that Hfq participates in the repression of
sporulation in C. difficile.

Together with sporulation, motility and biofilm formation ca-
pacities would be among the important features required for max-
imal fitness of C. difficile during its infection cycle. In our study, a
decrease in motility on semisolid BHI plates was observed for
strain CDIP53 compared to CDIP51 (data not shown), in accor-
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dance with the less abundant flagella observed for strain CDIP53
by electron microscopy (Fig. 2C, frames b and e). A reversion of
this reduced motility phenotype was observed in the CDIP361
strain (data not shown). The ability of C. difficile to form biofilms
has been initially demonstrated in relation to other intestinal spe-
cies (71). In vitro biofilm formation by two clinical C. difficile
strains has also been recently described (31, 72). In a static micro-
plate assay, we observed a 2-fold increase in biofilm formation
capacities for strain CDIP53 compared to strain CDIP51 (Fig. 3A).
In strain CDIP361, the capacity to form biofilms was similar to
that of strain CDIP51 (Fig. 3A). The increased ability to form
biofilms observed in strain CDIP53 could even be underestimated
due to the fragility of biofilms formed in vitro (31).

(iii) Changes in stress response in the Hfq-depleted strain. As
mentioned above, a set of genes potentially involved in the stress
response was differentially expressed in the Hfq-depleted strain
(see Table S4 in the supplemental material), and Hfq usually con-
tributes to the fitness under stressful conditions in other bacteria
(14). By using either disk diffusion assays or growth capacity anal-
ysis, we tested the ability of strains CDIP53 and CDIP51 to resist
various stress conditions. In disk diffusion assays, strain CDIP53
was more sensitive than the control strain to diamide and dipyri-
dyl (Fig. 3B). Diamide is an oxidizing agent of thiol groups (SH)
that causes disulfide stress inducing the formation of a covalent
bond between two SH groups. For this compound, we observed an
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FIG 3 Biofilm formation and stress sensitivity of the CDIP53 strain depleted for Hfq, the CDIP51 control strain, and strain CDIP361. (A) Biofilm formation was
assayed on polystyrene microtiter plates in BHIS medium supplemented with 0.1 M glucose, 7.5 ug - ml™' Tm, and 250 ng - ml~" ATc. The histogram
represents the mean values with standard deviations for the quantification of biofilm formation after crystal violet staining (ODs45) normalized to the OD, in
black for the CDIP51 control strain, in gray for strain CDIP53 (P = 0.06, Wilcoxon test), and in white for strain CDIP361. (B) The histogram represents the
diameter of the growth inhibition area (black, CDIP51 control; gray, CDIP53; white, CDIP361). Disk diffusion assays were performed with 10 pl of 1 M diamide
(DA) or 0.3 M dipyridyl (DP). The data are the mean values with standard deviations of three independent experiments. For the diamide experiment the P value
was 0.029; for the dipyridyl experiment, the P value was 0.034 (Wilcoxon test). (C) An oxygen tolerance experiment was performed in soft-agar tubes containing
0.4% BHI agar supplemented with Tm and ATc. The arrows indicate the interface between bacterial growth and the zone of growth inhibition by oxygen.
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FIG 4 Effect of Hfq depletion on sSRNA abundance and the affinity of Hfq for selected sRNAs. Northern blotting (A) and qRT-PCR (B) analysis were performed
for detection of selected sSRNAs as indicated at the top of the figure. (A) RNA samples were extracted from the CDIP51 control strain and strain CDIP53 depleted
for Hfq after 7.5 h of growth in the presence of ATc. The 5S RNA at the bottom served as a loading control. The size of detected transcripts was estimated by
comparison with RNA molecular weight standards. (B) After reverse transcription, specific cONAs were quantified by qRT-PCR, using the dnaF gene (CD1305)
for normalization and a standard curve. Relative RNA quantity is indicated as the fold change between the two strains. Error bars correspond to standard
deviations from three biological replicates. (C) Representative results of RNA band shift experiments with the respective sSRNA transcripts indicated above
synthesized in vitro and incubated with increasing concentrations of purified Hfq-His, protein expressed as monomer forms. Arrows indicate unbound RNA,

and brackets show Hfq-RNA complexes.

increase of 36% in the diameter of the growth inhibition area. The
dipyridyl is a chelator of iron and other divalent metal ions. The
diameter of the growth inhibition zone in the presence of dipyri-
dyl increased by 34% in Hfq-depleted strain compared to the con-
trol strain (Fig. 3B). We also tested the effect of oxygen on the
growth of strains CDIP51 and CDIP53 in BHI soft-agar tubes
under aerobic conditions. The growth inhibition area after oxygen
diffusion was of 1.1 cm for the CDIP53 strain, while the CDIP51
strain grew up to within 0.8 cm of the top edge of the agar under
similar conditions (Fig. 3C). Similar effects of oxygen exposure
have been recently reported for a trxB mutant inactivated for the
thioredoxin reductase in another anaerobe, Bacteroides fragilis
(39). Thus, this result suggests that Hfq depletion leads to a
decreased oxygen tolerance. In all cases, increased stress sensi-
tivity of the Hfq-depleted strain could be reversed by the intro-
duction of the plasmid carrying the entire hfg gene (Fig. 3B and
C). These results suggest a possible involvement of Hfq in the
adaptation and resistance mechanisms for some stress stimuli

in C. difficile.
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Identification of Hfq-binding sRNAs. (i) Effect of Hfq deple-
tion on sRNA abundance. The effect of Hfq protein on gene ex-
pression is mediated in many cases through its action on regula-
tory RNA stability and sRNA interactions with target mRNAs
(13). We have previously reported the identification of a large
number of potential regulatory RNAs in C. difficile (12). The
pleiotropic changes induced by Hfq depletion in C. difficile are
probably linked at least in part to the action of particular sSRNAs.
We therefore decided to evaluate the effect of Hfq depletion on the
accumulation of some previously identified sSRNAs (12). We then
performed Northern blotting and qRT-PCR analysis with RNA
extracted from the CDIP51 and CDIP53 strains after 7.5 h of cul-
ture in the presence of ATc. Northern blot analysis revealed a
decrease in the accumulation of RCd7 (CD630_n00040), an SRNA
located in the intergenic region (IGR) between CDO0216 and
CDO0217, and of RCd1 (CD630_n00660), an sSRNA located in the
IGR between CDI1894 and CD1895 in the Hfq-depleted strain
compared to the control strain (Fig. 4A). In contrast, for RCd6
(CD630_n00170), an sRNA located in the IGR between CD0469
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and CD0470, we observed a stronger signal in CDIP53 than in
CDIP51 (Fig. 4A). These observations were confirmed by qRT-
PCR (Fig. 4B). The RCd7 and RCd1 sRNAs were 2.8- and 2-fold
less abundant in strain CDIP53, respectively, while RCd6 was 2.7-
fold more abundant in strain CDIP53 than in strain CDIP51.
These results strongly suggest that a depletion of Hfq modifies the
accumulation of three sSRNAs and that this RNA chaperone might
be involved in the regulation by these sSRNAs. These two opposite
effects of Hfq depletion on sSRNA abundance are in accordance
with widely accepted modes of Hfq activity either protecting some
sRNAs from RNase cleavage or inducing the cleavage of some
sRNAs and associated mRNAs (13).

(ii) Interaction of Hfq with selected sRNAs in vitro. The hall-
mark of previously characterized Hfq proteins is their ability to
interact with RNAs acting as RNA chaperones (13). We tested the
ability of Hfq to bind to RCd1, RCd6, and RCd7 sRNAs, whose
abundances were modified in the Hfq-depleted strain (Fig. 4A and
B). For this purpose, the corresponding sSRNAs were produced by
in vitro transcription. A total of 50 pM of each radiolabeled sSRNA
probe was incubated with increasing concentrations of purified C.
difficile Hfq protein in an RNA band shift assay. The C. difficile Hfq
protein was able to interact with all three selected sSRNAs in vitro,
as shown by the apparent retardation in the electrophoretic mo-
bility assay (Fig. 4C). Determination of the binding constants for
half saturation (K, ,,) showed that Hfq binds two of three sSRNAs
with high affinity. The lowest value of K,,, (about 0.07 nM) was
estimated for the Hfq interaction with RCd1 sRNA while Hfq
interacts with RCd6 sRNA and RCd7 sRNA with K, values of
about 0.4 nM and 1.9 nM, respectively. RNA-binding specificities
of C. difficile Hfq have not been yet explored; however, in other
bacteria, Hfq proteins usually bind to A/U-rich and A-rich RNA
motifs (13). The AT-rich genome of C. difficile probably presents
multiple possibilities for potential Hfq-binding sites within RNA
regions (67). We may hypothesize that tight binding of Hfq to
specific targets would be generally reflected by low binding-con-
stant values in vitro as is the case for RCd1 and RCd6 sRNA K|,
constants. Moreover, in accordance with previous studies (51),
competition experiments showed that large amounts of poly(A)
are required to compete with RCd1 for Hfq binding (see Fig. S3A
in the supplemental material), while poly(C), known as a poor
substrate for Hfq, failed to displace RCd1 from the Hfq-RNA
complexes (data not shown). We then compared these data with
binding of Hfq to some sRNAs whose abundance was not affected
by Hfq depletion. Great differences in binding affinities were ob-
served for RCd1 and RCd6, with at least 50- and 10-fold increased
binding constants, respectively, compared to sSRNAs not affected
by Hfq depletion, such as the CD630_n00820 sRNA located in the
IGR between CD2317 and CD2318 in antisense orientation to the
CD2316-CD2317 operon encoding a two-component regulatory
system (see Fig. S3B). This sRNA interacts poorly with Hfq, as
evidenced by the K, of about 2.7 nM. Indeed, 50-fold more Hfq
protein was required to observe this poor electrophoretic mobility
retardation compared to RCd1 RNA. Moreover, this low affinity is
reflected by a characteristic smear profile suggesting the partial
dissociation of this unstable complex during electrophoresis, as
previously observed for nonspecific Hfq binding to RNAs (see Fig.
S3B) (73). The reason for relatively low affinity of Hfq binding to
RCd7 in vitro will require further investigation.

(iii) Potential target predictions and analysis of strains over-
expressing selected sSRNAs. To search for potential mRNA targets
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of these Hfq-binding sSRNAs, we used three available in silico pre-
diction programs. The first available software (TargetRNA) scores
target genes based on the extent of base pairing (74) while In-
taRNA and RNApredator softwares consider in addition the en-
ergetic cost of disrupting secondary structures within sRNAs and
target mRNAs (75, 76). We selected potential mRNA targets with
the best scores for each Hfq-binding sRNA. For the RCd1 sRNA,
the IntaRNA algorithm predicted the spollID regulatory gene as a
potential target (interaction energy, —11.76 kcal - mol™") while
the RNApredator algorithm predicted the sigK gene encoding the
mother cell sigma factor (interaction energy, —15.52 kcal -
mol™"). To determine whether RCd1 impacts the accumulation of
some of the predicted mRNA targets, we constructed a strain over-
expressing corresponding SRNA under the control of an inducible
P, promoter (see Table S1 in the supplemental material). The
expression of predicted target genes was then evaluated by qRT-
PCR on RNAs extracted after 7 h of growth in the presence of ATc
of strain CDIP258 overexpressing RCd1 compared to the control
CDIP51 strain. The overexpression of RCd1 led to decreases of
6-fold and greater than 150-fold of spoIIID and sigk mRNA abun-
dances, respectively. For the RCd7 sRNA, the IntaRNA algorithm
predicted the CD1063.3 gene as a potential target (interaction en-
ergy, —17.12 kcal - mol™"). This small protein of unknown func-
tion (66 amino acids) belongs to the SigK regulon (59). When we
overexpressed RCd7, we noticed a 20-fold decrease in CD1063.3
mRNA abundance.

(iv) Global identification of RNAs affected by Hfq depletion
and coimmunoprecipitation analysis. To obtain a global view of
the potential regulatory RNAs affected by Hfq depletion, we per-
formed a transcriptome analysis with a microarray including reg-
ulatory RNAs that we have previously identified by deep sequenc-
ing (12). Thirty regulatory RNAs showed differential expression
in an Hfq-depleted strain, with 15 having a =2-fold change in
transcriptional levels (see Table S5 in the supplemental material).
Nine regulatory RNA genes were upregulated, and six were down-
regulated in the Hfq-depleted strain compared to the control
strain CDIP51 including riboswitches, sSRNAs in intergenic re-
gions, and potential cis-antisense RNAs. The CD630_n00290 and
SQ1828 sRNAs were upregulated while CD630_n00030 (RCd2)
and CD630_n00900 sRNAs were downregulated in the CDIP53
strain. The qRT-PCR analysis for selected genes confirmed the
transcriptome data (see Table S5). In addition, we restored the
expression of selected genes to the levels observed in the CDIP51
strain by introducing the hfq gene. These results provide addi-
tional potential Hfq sSRNA targets and further suggest the involve-
ment of Hfq in RNA-based control of gene expression in C. diffi-
cile.

We wondered whether some of the identified potential Hfq
sRNA targets could be associated to this RNA chaperone in vivo.
For detection of Hfg-associated RNAs, coimmunoprecipitation
assays were performed with the FLAG-tagged Hfq-expressing
CDIP303 strain and strain CDIP51 as a control. For two sRNAs
(CD630_1n00290 and SQ1828) highly upregulated in strain
CDIP53 compared to strain CDIP51 in our transcriptome analy-
sis, the qRT-PCRs, respectively, revealed enrichments of 8-fold
and 120-fold in the RNA sample prepared from the FLAG-tagged
Hfq-expressing CDIP303 strain. Interestingly, this coimmuno-
precipitation assay also detected the RCd1 sRNA among the RNA
molecules interacting with Hfq in C. difficile with a 250-fold en-
richment in CDIP303 compared to the CDIP51 strain. This result
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confirms the high affinity and specificity of interaction of this
sRNA with Hfq observed in vitro (Fig. 4C; see also Fig. S3 in the
supplemental material).

DISCUSSION

The pleiotropic role of Hfq protein has been demonstrated in an
increasing number of Gram-negative bacteria (14). However, this
RNA chaperone remains less characterized in Gram-positive bac-
teria. While hfq inactivation generally impairs growth in Gram-
negative bacteria (14), growth of S. aureus, L. monocytogenes, and
B. subtilis hfq mutants is not affected (24, 27, 77). Despite an es-
tablished role of Hfq in stress tolerance and survival in mice for L.
monocytogenes (24), no evident phenotypes for hfg mutants has
been reported in B. subtilis (19, 77) and in some S. aureus strains
(27). One recent study suggested that the absence of detectable
changes induced by Hfq inactivation in several S. aureus strains
might be due to the lack of Hfq expression (78). Thus, when Hfq
expression is detected in an S. aureus strain, the Hfq deletion leads
to alteration of stress response and virulence of the corresponding
strain (78). The hfg gene was highly expressed in several clinical C.
difficile strains grown in rich culture medium (see Fig. S1 in the
supplemental material; also Marc Monot, unpublished data), in
accordance with the pleiotropic effects of Hfq depletion observed
in the present work. Hfq depletion induced multiple phenotypic
changes affecting growth, cell morphology, sporulation, and stress
response in C. difficile. To our knowledge, this is the first report
showing a potential role for the Hfq protein in growth in a Gram-
positive bacterium. Together with the limitations of available ge-
netic tools, the drastic growth defect induced by Hfq depletion
might explain the difficulty in obtaining an hfg knockout mutant
in C. difficile. The disadvantage of the knockdown approach is the
possibility of false targeting of other genes by antisense strategy,
which we could not completely exclude. However, our competi-
tion experiments together with the i silico analysis are in favor of
the specificity of antisense RNA targeting of the hfg gene. Hfq
depletion affects the expression of C. difficile genes involved in
sporulation, cell wall synthesis, membrane transport, metabolic
processes, and stress response in accordance with broad pheno-
typic changes observed in the CDIP53 strain. The possibility that
the slow growth observed for the Hfq-depleted strain could ex-
plain to some extent part of the phenotypic and gene expression
changes should be considered. However, the normalization of all
the presented data could reduce the differences between strains
due to a growth defect of CDIP53 strain. In addition, our data are
in complete agreement with growth defect, cell length alterations,
and changes in stress response and biofilm formation capacities
together with the modulations in corresponding gene expression
generally attributed to Hfq inactivation in other bacteria (14).
The pleiotropic changes in bacterial physiology and in the ex-
pression of about 6% of all genes upon Hfq depletion would sug-
gest unique features of C. difficile Hfq protein among Gram-pos-
itive bacteria. We may hypothesize that a high level of hfg
expression and some structural particularities of the Hfq protein,
including the presence of a unique C-terminal domain (104), may
explain these unique features. Hfq could control target gene ex-
pression either directly or indirectly. The control of several regu-
latory genes by Hfq suggests that their indirect effects might be
mediated through the control of specific regulatory pathways. The
important role of Hfq also correlates with the high number of
regulatory RNAs in C. difficile, including 94 sRNAs identified in
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intergenic regions (12). Numerous regulatory RNAs have also
been described in other Gram-positive bacteria, including B. sub-
tilis, S. aureus, and L. monocytogenes (8). However, an Hfq-inde-
pendent mechanism of action has been proposed for the majority
of studied sRNAs in these bacteria (8, 77, 79-81) with the excep-
tion of LhrA in L. monocytogenes (25, 26). A recent deep-sequenc-
ing analysis identified numerous Hfq-associated RNAs in B.
subtilis, raising the question of a potential role of Hfq in sRNA-
mediated regulation in this bacterium (19). We showed that Hfq
depletion induced significant changes in abundances of three
sRNAs, RCd1, RCd6, and RCd7, and that this RNA chaperone
binds to these sSRNAs in vitro. In addition, transcriptome analysis
revealed several new potential Hfq targets among sRNAs, two of
them being detected as Hfq-associated sSRNAs by coimmunopre-
cipitation analysis. Some Hfq-dependent effects on gene expres-
sion are probably mediated by these sSRNAs. C. difficile, a member
of an ancient group of bacteria, might widely use ancestral RNA-
based mechanisms requiring Hfq to control gene expression for
better adaptation to host conditions.

Hfq inactivation is frequently associated with increased sensi-
tivity to various stresses in bacteria (14, 17). In C. difficile, the
global response to several environmental (temperature, pH, and
oxygen) and antibiotic stresses that bacteria could encounter in
the gut has been recently studied by a transcriptome approach (63,
64, 82). Interestingly, several genes encoding cell wall proteins and
membrane transporters or having involvement in various meta-
bolic pathways that are differentially expressed in the Hfq-de-
pleted strain are induced by acid, alkali pH, heat shock, and the
presence of subinhibitory concentrations of amoxicillin or clinda-
mycin antibiotic (63) (see Table S4 in the supplemental material).
Hfq depletion increases the sensitivity to oxygen exposure, disul-
fide stress, and iron limitation, in agreement with the induction
after air exposure of some genes with altered expression in our
transcriptome analysis (see Table S4). The control of iron homeo-
stasis is tightly linked to the oxidative stress response (83).
Changes in the expression of genes potentially involved in iron
and sulfur metabolisms and in cell redox balance are observed
under Hfq depletion conditions. However, further investigations
would be necessary to determine the molecular mechanisms in-
volved in the Hfq-dependent control of the stress response in C.
difficile. The expression of a glucose-specific PTS (ptsG; CD2666-
CD2667) and of a glucose-maltose-specific PTS (CD3027-
CD3031) previously shown to be upregulated in vivo (60) was
greatly affected by Hfq depletion. Interestingly, in E. coli, an Hfq-
dependent sSRNA, SgrS, is involved in glucose uptake regulation in
response to phosphosugar stress by targeting the prssG mRNA deg-
radation (84). More generally, sSRNA-based regulation has been
linked to catabolite repression control in several bacteria (85—
89). We may thus hypothesize that Hfq-dependent control of
sugar uptake in C. difficile is also mediated by still uncharacter-
ized sSRNAs.

Among particular phenotypes of the Hfq-depleted strain was
cell elongation, deformation of bacterial shape, and increased bio-
film formation capacities. Taken together with the changes in cell
wall component and membrane transporter gene expression, it is
tempting to speculate that Hfq depletion affects the composition
of the C. difficile cell wall, resulting in part in the observed pheno-
types. Biofilm formation in C. difficile appears to be a complex
process, modulated by several factors including cell surface com-
ponents and regulators such as SpoOA and LuxS (72). Biofilm
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formation could be an important factor in the infection process con-
tributing to persistence and to the high incidence of clinical relapse
(31, 90). Hfq depletion increased C. difficile biofilm formation, as
observed for hfq mutants of Francisella novicida and Moraxella
catarrhalis (91, 92). Interestingly, the expression of genes encod-
ing cell wall-associated proteins and of sinR (CD2214) encoding
an orthologue of the master biofilm regulator in B. subtilis (69) is
induced in the Hfg-depleted strain. In addition, a diguanylate cy-
clase (CD2887) and a phosphodiesterase (CD1616), involved in
the turnover of c-di-GMP, a key molecule modulating cellular
processes associated with community behavior, are inversely reg-
ulated when the Hfq level drops, suggesting that Hfq might influ-
ence c-di-GMP accumulation. Both Hfq and sRNAs participate in
the regulatory networks controlling bacterial biofilms (14, 17, 91—
93). In E. coli and other enteric bacteria, Hfq-dependent sRNAs
contribute to inverse regulation of the synthesis of flagella and
biofilm matrix components during the transition to stationary
phase (94-97). Since biofilm formation is a complex multifacto-
rial process, we could hypothesize that the Hfq protein in concert
with sSRNAs might impact biofilm formation in C. difficile at sev-
eral regulatory levels. Further studies will be needed to establish
the molecular mechanisms of these Hfq effects.

Interestingly, most of the genes belonging to the recently iden-
tified SigK regulon (58, 59) are induced under Hfq depletion con-
ditions, in accordance with the increased sporulation efficiency
observed for CDIP53 strain. No alteration in sporulation capaci-
ties has been observed for the B. subtilis hfg mutant (77), and our
results suggest for the first time a global impact of Hfq on sporu-
lation in Gram-positive spore-forming bacteria. The SpolIID reg-
ulator positively controls the expression of sigK and of the mem-
bers of the SigK regulon in C. difficile (59). So, the large induction
of the SigK regulon observed in strain CDIP53 is probably linked
to the induction of spoIIID and sigK expression. These results sug-
gest the existence of an Hfq-dependent mechanism involving an
sRNA and targeting spollID and/or sigK. Interestingly, both
spollID and sigK are predicted among targets of RCd1, and the
expression of spolIID and sigK decreases in a strain overexpressing
this sSRNA. In addition, Hfq interacts with RCd1 and modulates its
accumulation. A negative effect of RCd1 on spollID and sigK, ei-
ther direct or indirect, through spoIIID control or another yet
unknown mechanism could be proposed. RCd1 destabilization
under Hfq depletion conditions might relieve the negative Hfq-
dependent effect on spollID, leading to SpollID accumulation.
SpollID in turn activates sigK transcription, resulting in induction
of the sigK regulon and in an increased sporulation rate. Alterna-
tively, sigK could be either directly or indirectly targeted by RCd1,
affecting spollID expression by a feedback mechanism. Several
additional observations are in favor of the involvement of RCd1 in
sporulation control. In the strain overexpressing RCd1, we de-
tected an important decrease in sigk mRNA abundance and in the
expression of SigK target genes. Accordingly, we observed a con-
siderable, up to 50-fold, decrease in sporulation efficiency induced
by RCd1 overexpression (P. Boudry, unpublished results). Finally,
we showed that RCd1 interacts with Hfq in vivo by coimmuno-
precipitation analysis and in vitro by an RNA band shift assay (Fig.
4C). Altogether these data confirmed the probable role of RCd1 in
sporulation control. Further experiments would be necessary to
establish the molecular mechanism of this Hfq-dependent sSRNA
control. In addition, RCd7 could also target one member of the
sigK regulon, CD1063.3, as suggested by target predictions and
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decreased CD1063.3 expression in an RCd7-overexpressing strain.
RCd1 and RCd7 are good candidates for the regulatory sRNA
involved in the Hfq-dependent control of the sporulation process
in C. difficile. Interestingly, the VirX sRNA in Clostridium perfrin-
gens negatively controls sporulation by repressing genes encoding
Spo0A and sporulation-specific sigma factors (98). VirX is not
found in Clostridium tetani and C. difficile but is present in other
clostridial species. Several sporulation-specific sSRNAs, including
SurA, SurC, and CsfG, have also been recently identified in B.
subtilis, some of which are conserved in other endospore formers
(99-101). However, their function during the sporulation process
remains to be characterized.

In conclusion, our study suggests a pleiotropic role of the Hfq
protein in C. difficile physiology and provides new findings on
possible Hfq contributions to many processes important during
the infection cycle of C. difficile, including sporulation, biofilm
formation, stress response, and metabolic adaptations. Impor-
tantly, spore and biofilm formation capacities have been linked to
persistence of clostridial disease (72, 102). It is also worth noting
that several genes affected by Hfq depletion, including cwp19 and
CD1581, are also differentially expressed during in vivo C. difficile
transcriptome profiling using a mouse model of infection (60).
The C. difficile Hfq protein could be important for global fitness
and the control of virulence as previously observed for other
pathogens (6-8, 14, 17). These results largely expand our knowl-
edge of Hfq-dependent control of gene expression in Gram-pos-
itive bacteria and open interesting perspectives for future studies.
The mechanism of numerous Hfq-dependent regulatory pro-
cesses and the identification of SRNAs involved in this control will
require further investigations.
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